than 50% identity among the members of the Slo family to design three sets of degenerate PCR primers. Because K Ca channels are expressed in the brains of many species (reviewed in Latorre et al., 1989; Hinrichsen, 1993) , we chose the brain as our initial source of mRNA. Using the degenerate primers in the RT-PCR (reverse transcription polymerase chain reaction), we produced three overlapping PCR products constituting 2.9 kbp of coding sequence that was highly similar to that of the mouse or human. These amplification products were then used as probes to screen a chicken brain cDNA library. Extensive oversampling of the library yielded eight cDNA clones that contained Slo sequence. The overlapping PCR and library cDNA clones indicated the existence of at least ten transcripts, 4.0-4.6 kbp in strated that the predominant transcripts in the eye, the cochlea is a 5 mm long tubular structure comprising the basilar brain, and cochlea were 4-4.5 kbp in length (data not papilla (stippled), the tegmentum vasculosum (a vascularized secreshown), indicating that the overlapping cDNAs are likely tory tissue), three scalae (fluid-filled compartments), and the cochto represent full-length transcripts. A full-length cDNA lear ganglion (Hirokawa, 1978; Tanaka and Smith, 1978) . The avian (cB1) encoding a protein 1146 amino acids in length homolog of the mammalian organ of Corti, the basilar papilla is an was constructed from three overlapping cDNA clones auditory epithelium containing about 10,000 hair cells and twice as ( Figure 2) ; similar results have recently been obtained many supporting cells (Tilney et al., 1986) but no neuronal cell bodies. It rests atop a mechanically tuned basilar membrane (von Bé ké sy, by two other groups (Jiang et al., 1997; accompanying 1960; Gummer et al., 1987) that forms the base of the scala media.
paper, Navaratnam et al., 1997 [this issue of Neuron]).
The hair cells are arranged in a tonotopic gradient along the cochlea, Based on hydropathy and sequence analyses of the responding to sounds whose frequencies range from 50-5000 Hz coding sequence (data not shown), the cSlo protein con- (Gray and Rubel, 1985; Manley, 1996) ; low frequencies are detected tains eleven hydrophobic segments (S0-S10) with high at the organ's apical end and high frequencies at its base. These potential for ␣-helical structure (Figures 2 and 3A) . Seven hair cells also manifest two morphological gradients. First, hair cells of these segments (S0-S6) are located in the aminoat the apical end of the cochlea have relatively few, long stereocilia and those at the base almost 10-fold as many shorter stereocilia terminal third of the sequence. The remaining four seg-(reviewed in Tilney et al., 1992) . Second, there is a gradation in the ments (S7-S10) occur in the carboxyl terminus and size and shape of hair-cell somata across the width of the basilar match equivalent domains of the mammalian channels papilla, from tall hair cells overlying the cochlear ganglion to short (Butler et al., 1993; Tseng-Crank et al., 1994) . cells on the abneural edge (Tanaka and Smith, 1978) . The tall and
The predicted cSlo product exhibits extensive seshort hair cells are dominantly innervated by afferent and efferent quence similarity to the other Slo channels. Excluding nerve fibers, respectively (Hirokawa, 1978; Tanaka and Smith, 1978);  alternative exons, cSlo is 95% identical to mSlo and they are believed to be analogous to the inner and outer hair cells, respectively, of the mammalian cochlea (Manley et al., 1989). hSlo, differing in only 44 amino acid residues. Most of these differences occur in the amino-terminal region, upstream of the S1 domain, and in the carboxy-terminal basilar papilla, or sensory epithelium, of the chicken's region, between the S7 and S10 domains ( Figure 2 ). cSlo cochlea (Figure 1 ). We elected to use this preparation displays only 55% identity to dSlo, with most of the for three reasons. First, the electrophysiological properdifferences located in the extreme amino-and carboxyties of K Ca channels terminal domains and between the S8 and S9 domains. 1994) and their contribution to electrical tuning (Fuchs As for the other Slo channels, four methionine codons et al., 1986) have been thoroughly characterized in this occur near the 5Ј end of the coding sequence ( Figure  organ . Second, because the chicken's cochlea has a 2). Because each of the first three codons occurs within well-defined tonotopic map (Chen et al., 1994 ; Jones a consensus sequence for eukaryote ribosomal binding and Jones, 1995; reviewed in Manley, 1996) , the proper- (Kozak, 1991) , several of them may serve as initiation ties of K Ca channels in this organ can readily be related sites for translation. However, as for the human channel to the electrical tuning of the hair cells in which these (Tseng-Crank et al., 1994) , the third methionine codon channels are expressed. Finally, because it is used exoffers the best consensus and may thus be the preferred tensively for studies of aural morphogenesis (reviewed initiation site. in Tilney et al., 1992) and tonotopic map development
To determine whether the cSlo gene encodes the K Ca (reviewed in Manley et al., 1987) , the chicken's cochlea channels expressed in the chicken's basilar papilla, we is an excellent preparation in which to investigate the initially used total RNA isolated from this tissue and development of electrical resonance at the molecular specific PCR primers to verify that cSlo occurs in the level.
cochlea. Using the 5Ј cSlo probe originally isolated from the brain by the degenerate PCR, we then screened a Molecular Structure of cSlo cDNAs Derived cDNA library constructed from the embryonic basilar from the Brain and Basilar Papilla papilla. Two clones were identified. Clone cSE2 extends To isolate cDNAs encoding the chicken's large conducfrom the S1 domain to the poly(A) tail; clone cSE5 extends from between the S2 and S3 domains to the poly(A) tance K Ca channels, we took advantage of the greater The deduced amino acid sequence of cSlo variant cB1 and alignments with the dSlo, mSlo, and hSlo sequences. Differences are indicated below the cSlo sequence; dots represent identical residues, dashes, absent residues. The seven proposed transmembrane domains as well as the four putative hydrophobic ␣ helices near the carboxyl terminus are represented by lines above the sequence and are labeled S0 to S10. The clone illustrated contains the 14 amino acid variant of the amino terminus (site 1), an 8 amino acid insert at site 2, a 4 amino acid insert at site 3, and the 8 amino acid variant of the carboxyl terminus (site 7; Table 1 ). The seven alternative splice sites are indicated above the sequence; the variants expressed in clone cB1 are shown in italics. Three possible translation-initiation sites, which may be recruited by alternative splicing at the 5Ј end of the open reading frame, are labeled M1 through M3 above the corresponding methionine residues at the amino terminus. The final 50 residues of mSlo's protracted carboxyl terminus are shown on the last line.
(Yang and Fuchs, 1997, Assoc. Res. Otolaryngol., abstract), we observed only weak labeling of hair cells (data not shown). To confirm the efficacy of our procedure, we conducted control experiments and demonstrated labeling of neurons in the retina ( Figure 4A ) and brain, as well as of skeletal and smooth muscle cells. All of these tissues have previously been shown to express Slo in other species (reviewed in Hinrichsen, 1993) .
To achieve greater sensitivity in the detection of the cSlo message in hair cells, we turned to the in situ RT-PCR procedure (Nuovo, 1996) , a technique that combines the exquisite sensitivity of the PCR with the cellular resolution of in situ hybridization. Using digoxigeninlabeled PCR primers to conserved regions of the cSlo sequence, we detected cSlo mRNA in hair cells as well as in the cochlear ganglion and tegmentum vasculosum ( Figure 4C ). No signal was obtained from supporting cells. Whereas the conventional in situ technique required 1-2 days of development to detect cSlo mRNA in hair cells, 10-15 cycles of PCR amplification sufficed to produce intense labeling after only 5-30 min of development. Control experiments demonstrated that the signal was primer-( Figures 4D and 5D ) and mRNA-dependent ( Figure 4E ). As a control for cell type-specific expression, we found that PCR primers to calbindin, a Ca 2ϩ -binding protein expressed in the basilar papilla (Wilson et al., 1985; Oberholtzer et al., 1988) , led to labeling of hair cells and supporting cells but of neither Figure 5E ). Nonsense primers, forward or reverse primof protein diversity generated by alternative mRNA splicing. The ers alone, or primers to genes not expressed in the transmembrane ␣ helices, S0-S6, and the four carboxy-terminal cochlea gave no signals (data not shown).
hydrophobic domains, S7-S10, are represented by black rectangles.
The same technique and cSlo primer pair yielded laThe two parallel lines represent the lipid bilayer; the extracellular surface is uppermost. The locations of the hydrophobic segments beling patterns in the retina ( Figure 4B ), brain, and musare based on the model of Wallner et al. (1996) . The arrows refer to cle identical to those obtained with the conventional in the regions of protein diversity and are named for the corresponding situ technique, demonstrating the specificity of the in RNA splice sites. Note that two of these, sites 1 and 2, give rise to situ RT-PCR technique. As in the cochlea, the convenregions of protein diversity that are predicted to occur on the extertional in situ hybridization method provided weak signals nal membrane surface. in brain and muscle only after several days of develop-(B) RT-PCR analysis of splice site 3. Total RNA samples from the chicken's brain, basilar papilla, and tegmentum vasculosum were ment, while the in situ RT-PCR approach yielded robust used for splice site-specific RT-PCR analysis. The Southern blot labeling in 30 min to a few hours.
shows the PCR fragments generated with a primer pair that flanks the splice sites and thus amplifies the full complement of alternative exons. To ensure the specificity of the PCR products, the blot was Multiple K Ca Channel Isoforms Generated probed with an internal oligonucleotide that recognizes all splice by Alternative mRNA Splicing variants generated at this site. The data demonstrate that cSlo is The PCR amplification products and library clones deexpressed in the three tissues and that extensive alternative splicing of this gene occurs in the brain and basilar papilla. The arrows point rived both from the brain and from the basilar papilla to the two predominant products expressed at site 3 in the various displayed greater than 90% nucleotide identity; their tissues, which correspond to the SRKR and insertless variants. The differences stemmed from small insertions and deleblots additionally indicate that the relative abundances of the differtions at specific sites within the coding sequence. Beent mRNA species differ between tissues.
cause the inserts did not contain consensus splicedonor or splice-acceptor dinucleotides (Senapathy et al., 1990) , we considered them true exons. The nucleotail. In their overlapping region, these clones differ by tide sequence identity in the conserved regions sugonly a 12 bp insert in the latter (site 3 in Table 1 ).
gested that all of the isoforms were generated by alternative splicing of a single cSlo gene. Figure 2 ) becomes a serine residue in the insertless variant. c Although this splice site exists in Drosophila, no previously reported variant was encountered in our study.
presence of such sites and to isolate more alternative To verify the expression of alternative exons at splice exons, we designed specific PCR primers to portions site 3, which we further characterize below, we probed of cSlo homologous to regions that flank splice sites in Southern blots of the PCR products with internal oligothe Drosophila (Atkinson et al., 1991) , mouse (Butler et nucleotides capable of recognizing all variants. The al., 1993), and human clones (Tseng-Crank et al., 1994) .
Southern analysis ( Figure 3B ) revealed several variants Using this RT-PCR strategy, we were able to detect an expressed at this site in the brain and basilar papilla additional site (site 5) and to isolate numerous alternaand indicated the relative abundances of the mRNAs tively spliced exons expressed at the different sites in giving rise to each variant. The two prominent bands the chicken's brain and basilar papilla (Table 1) . expressed in the brain and basilar papilla represent the By comparing the sequences of mouse and human 4 amino acid and insertless variants ( Table 1 ). The inSlo genes (Butler et al., 1993; Dworetzky et al., 1994;  sertless form of cSlo predominated in the tegmentum Pallanck and Ganetzky, 1994; Tseng-Crank et al., 1994;  vasculosum; the SRKR variant was only marginally deMcCobb et al., 1995) , we established that sequence tectable. diversity occurs at both the amino-terminal and carOur RT-PCR analysis disclosed eleven alternative exboxy-terminal domains of Slo genes. Several cSlo ons at seven splice sites distributed over the entire clones with variant 5Ј ends were isolated from the length of the message ( Figure 3A and Table 1 ). These chicken brain library. Because these clones encode prosites occur at the amino and carboxyl termini (sites 1 teins beginning at three different methionine residues, and 7, respectively), in the core of the channel (site sequence diversity occurs at the amino terminus of cSlo 2), and in the putatively cytoplasmic region between channels as well ( Figure 2 ). To determine whether addidomains S8 and S10 (sites 3-6). If no restrictions apply tional diversity exists at the cSlo amino terminus and to to the combination of alternative exons, 576 different test for diversity at the carboxyl terminus, we examined K ϩ channels could be expressed from the cSlo gene. the 5Ј and 3Ј ends of cDNA clones from the basilar Because our PCR Southern blots indicated that we isopapilla library. Using the technique of rapid amplification lated only a subset of the alternative exons expressed of cDNA ends (RACE; Frohman, 1993) , we conducted at each site, however, the total number of exons and PCRs with cSlo-specific and vector primers designed possible exon combinations could be far greater. to flank the extreme 5Ј and 3Ј coding sequences of cSlo library clones. We found two alternative exons each at Differential Expression of cSlo Isoforms in the 5Ј and 3Ј ends, indicating that alternative splicing the Cochlea Revealed by In Situ RT-PCR generates diverse amino and carboxyl termini (Figure The presence in hSlo channels of a basic, 4 amino acid 3A and Table 1 ). In conjunction with the alternative exinsert, SRKR, at a position corresponding to the cSlo ons, the diversity arising from different translationsite 3 diminishes the channels' Ca 2ϩ sensitivity (Tsenginitiation sites could produce at least four alternative amino termini.
Crank et al., 1994). Because we wished to map channel variants that were likely to have functional consequences for electrical frequency tuning, and because this 4 amino acid insert and the absence of an insert were the predominant variants found at site 3 of the chicken's basilar papilla ( Figure 3B ), we used the in situ RT-PCR technique to map the expression of these site 3 variants along the cochlea. Amplified cDNAs were detected either directly, by incorporation of labeled nucleotides in PCR products, or indirectly, by hybridization with labeled internal probes. When primers that amplify the SRKR variant were used on serially sectioned embryonic cochleae, reaction product was detected only in hair cells. More importantly, the labeling was confined to hair cells in the middle third of the cochlea's length ( Figure 5 ).
Because the chicken's tonotopic map is not fully developed at hatching (reviewed in Manley, 1996) , we mapped the 4 amino acid and insertless variants at site 3 in the more mature cochleae of 1-to 2-week-old chicks. To analyze the SRKR variant, we employed the site 3-flanking primers to amplify all cSlo variants at this site and utilized a labeled, variant-specific probe for detection. Hair cells were strongly labeled in the apical region of the cochlea ( Figure 6C ), whereas much weaker labeling was observed in the ganglion cell bodies, and only marginal labeling was detected in the tegmentum vasculosum. In basal cochlear sections, the hair cells showed little or no labeling ( Figure 6D ); the signals in the tegmentum vasculosum and ganglion were comparable to those in the apex.
When amplifying the insertless variant, we found significant labeling in hair cells, ganglion cells, and the tegmentum vasculosum. This variant was expressed in these three cell types from the apical to the basal end of the cochlea ( Figures 6A and 6B , respectively). The expression level in hair cells at the more apical regions was slightly less than that in the tegmentum vasculosum and cochlear ganglion; in more basal regions, the expression levels were more nearly equal in the three tissues. express cSlo and that a single cell can express more was both voltage-dependent ( Figure 7A ) and Ca 2ϩ -sensitive ( Figure 7B ). As expected when the K ϩ concentrathan one variant. For the cells analyzed in Figure 6E , the upper bands correspond to the 4 amino acid insert tions on both sides of a patch were equal, the current reversed at 0 mV (data not shown). The expressed chan-SRKR, whereas the lower bands accord with the size of the insertless PCR product. The identities of these nels were selectively permeable to K ϩ over Na ϩ : in biionic experiments with Na ϩ replacing all the K ϩ in the products were verified by sequencing. Interestingly, the relative intensities of the two bands varied in cells taken solution on the patch's cytoplasmic surface, no outward current was observed at a Ca 2ϩ concentration of 1 mM from different regions of the basilar papilla. The insertless variant decreased in expression from the cofor voltages as great as ϩ160 mV (data not shown).
To minimize the complications caused by Ca 2ϩ chlear base to the apex. The 4 amino acid variant appeared to be expressed less in the cochlea's middle blockage and saturation of currents at high voltage (Cox et al., 1997), we used tail current analysis to determine region than at the apex; this variant was also absent from about half of the hair cells at the extreme cochlear the channel open probability at different membrane potentials (Cui et al., 1997) . To relate the probability of base. This experiment was repeated twice; of four additional hair cells isolated from the cochlear base, two channel opening to the membrane potential, we then constructed a family of voltage-conductance relations displayed the SRKR insert and two lacked it. In all three experiments, the expression pattern of the two variants that were fitted with the Boltzmann equation ( Figure  7C ). To ascertain the Ca 2ϩ sensitivity of the expressed exhibited with this technique accorded with that seen with the in situ RT-PCR approach: the SRKR variant is channels, we fitted Ca 2ϩ concentration-conductance relations with the Hill equation ( Figure 7D ). expressed at a high level in hair cells from apical regions but is barely detectable in the extreme basal hair cells;
We compared the voltage dependence and the Ca 2ϩ sensitivity of cB1 and cB2 channels in three experithe insertless variant is expressed in hair cells throughout the epithelium, and its expression increases slightly ments. At all the Ca 2ϩ concentrations tested, cB2 channels consistently activated at more negative potentials from the cochlear apex to the base.
(V 1/2 , Figure 7E ) and displayed greater voltage sensitivity (k, Figure 7G ) than cB1 channels. cB2 channels also Variation in Electrophysiological Properties of K Ca Channel Isoforms appeared to be activated at a somewhat lower Ca 2ϩ concentration (K 1/2 , Figure 7F ) and to be more Ca 2ϩ -To ascertain whether the sequence differences that we observed in splice variants affect the physiological propsensitive (n, Figure 7H ) than cB1 channels. Although none of the pairwise comparisons between mean values erties of the KCa channel, we studied two cSlo isoforms in a heterologous expression system. Two expression was statistically significant, the mean value of the slope parameter k for cB1 channels at all the Ca 2ϩ concentraconstructs were fashioned in the pGW1H vector and used to transfect tsA201 cells: pGW1H-cB1 included tions tested significantly exceeded that for cB2 channels by a Mann-Whitney test (p Ͻ 0.01). the open reading frame for cSlo shown in Figure 2 ; pGW1H-cB2 was identical save for the absence of the SRKR insert at site 3. Macroscopic currents from insideDiscussion out membrane patches were measured under voltageclamp conditions.
To determine the molecular mechanism underlying the functional diversity of the Ca 2ϩ -activated K ϩ channels Transfection with either the pGW1H-cB1 or the pGW1H-cB2 construct resulted in a membrane current expressed in hair cells, we have cloned and characterized cDNAs encoding K Ca channels derived from the characteristic of K Ca channels. Activation of the current chicken's brain and basilar papilla. The sequence of cSlo cDNAs, as well as the physiological properties of heterologously expressed cSlo channels, indicate that the chicken's K Ca channel described in this study is the ortholog of the channels cloned from the Slowpoke locus of Drosophila (Atkinson et al., 1991; Adelman et al., 1992) and the Slo loci of the mouse (Butler et al., 1993; Pallanck and Ganetzky, 1994) and human (Dworetzky et al., 1994; Pallanck and Ganetzky, 1994; Tseng-Crank et al., 1994; McCobb et al., 1995) . The physiological properties and pattern of expression of cSlo are consistent with this channel's determining the electrical resonance frequencies of hair cells. Similar cDNAs have been cloned from chicken cochlear tissues by two other groups (Jiang et al., 1997; Navaratnam et al., 1997) , and a partial cDNA has been characterized from the chicken's ciliary ganglion (Subramony et al., 1996) .
Sequence alignments reveal that the cSlo primary sequence shares the hydrophobic segments reported for dSlo, mSlo, and hSlo channels (Atkinson et al., 1991; Butler et al., 1993; Tseng-Crank et al., 1994) . Although Slo channels were originally thought to contain ten hydropathic segments, an alternative topology was recently advanced on the basis of sequence alignments with voltage-activated K ϩ channels, functional studies, and in vitro translation experiments (Wallner et al., 1996) . This model accommodates the presence of eleven hydropathic segments, as observed in cSlo, by situating an additional transmembrane domain, now termed S3, between the original S3 and S4 segments (Atkinson et al., 1991) ; the erstwhile S1-S3 domains are renamed S0-S2. The S1-S6 regions of Slo channels are thought to share the topological arrangement and functions of their counterparts in voltage-activated ion channels (Wallner et al., 1996) . The structure and roles of the four additional hydrophobic segments (S7-S10) are un- The extensive sequence variation at the amino terminus is intriguing in light of recent evidence that this region, along with the putative transmembrane region S0, is responsible for mediating ␤ subunit regulation of K Ca channels (Wallner et al., 1996) . Variability in this region may be responsible for differential coupling between KCa channels and their ␤ subunits or other accessory proteins. Amino-terminal variability may additionally affect the interactions among K Ca channel subunits, which are thought to assemble as tetramers (reviewed in Hinrichsen, 1993) . Because the region mediating the assembly of Shaker K ϩ channel subunits occurs at the amino terminus (Li et al., 1992; Shen et al., 1993; Babila et al., 1994) , the variability of this region in cSlo may likewise modulate the coassembly of heteromultimers.
The only novel splice site in cSlo is site 2, which corresponds to the segment between the putative transmembrane domains S1 and S2 ( Figure 3A) . The avian sequence contains the four alternative splice sites (sites 3-6; Table 1) described for hSlo (Tseng-Crank et al., 1994) ; the mouse sequence also includes splice sites corresponding to cSlo sites 3, 4, and 6 (Butler et al., 1993; Pallanck and Ganetzky, 1994) . As is the case for the human channel (Tseng-Crank et al., 1994) , the 5Ј ends of the two exons at cSlo site 3 are identical, suggesting that a single exon with multiple splice sites gives rise to these variants (Table 1) . A novel 59 amino acid insert at cSlo site 4, which was amplified only from the basilar papilla, may represent a tissue-specific variant.
The alternative 8 amino acid and 60 amino acid carboxyl termini of cSlo are found in hSlo and mSlo, respectively, suggesting that an alternative splice site at the carboxyl terminus is conserved. In further support of such a site, variants have also been reported at the in the Chicken's Cochlea Using single-cell and in situ RT-PCR analyses, we have localized cSlo expression to hair cells distributed along the entire length of the basilar papilla. Although physio-A major goal of research in this area is to relate the isoforms of Slo channels to their specific functions. The logical studies did not detect these channels in hair cells physiological properties of some splice variants have originating from the extreme apex of the basilar papilla been described for Drosophila (Adelman et al., 1992; , the present results suggest Lagrutta et al., 1994) and human channels (Tseng-Crank that these channels are more widely distributed. . Variants with differential sensitivity to Ca 2ϩ expression pattern suggests that K Ca channels play a have been reported for both species, and several splice role in electrical frequency tuning over the 50-5000 Hz sites affecting channel gating, channel kinetics, and sinrange of the chicken's cochlea (Gray and Rubel, 1985) .
gle-channel conductance were found in Drosophila. Extensive modulation of K Ca channel kinetics must be Modulation of all of these physiological properties could necessary to account for tuning throughout this range.
affect the electrical resonance of hair cells and thus The expression of cSlo in the tegmentum vasculosum adjust their characteristic frequencies (Hudspeth and was not unexpected. Maxi-K channels are expressed in Lewis, 1988b) . marginal cells of the stria vascularis (Takeuchi et al., Our physiological recordings have confirmed that cSlo 1992), the analog of the chicken's tegmentum vasculocDNA encodes a Ca 2ϩ -activated K ϩ channel (Jiang et sum (Manley, 1990) . Like the stria, the tegmentum is al., 1997). Moreover, it is heartening that cSlo channels likely to be responsible for producing the high K ϩ endowith and without the SRKR insert at splice site 3 differ lymph that bathes the apical surfaces of hair cells. cSlo significantly in their voltage sensitivities and may vary channels could be involved in Ca 2ϩ -dependent secretion as well in their ranges of activation by Ca 2ϩ and by of K ϩ into the cochlear duct or in the establishment voltage. At present, however, there are three reasons of the electrochemical gradient necessary to drive K ϩ that it would be premature to relate the properties of secretion.
heterologously expressed channels to the electrical resUsing the single-cell and in situ RT-PCR techniques, onance frequencies of hair cells in which similar chanwe have localized the expression of two cSlo splice nels are expressed. First, the heterologously expressed variants in the cochlea. Both the insertless and 4 amino cSlo channels clearly differ from native channels. Most acid variants at site 3 are expressed in hair cells and strikingly, the membrane potential at which the channels ganglion cells, whereas the insertless variant alone ocare half activated at a Ca 2ϩ concentration of 100 M is curs in the tegmentum vasculosum. The insertless varinearly 70 mV more positive in the expressed than in ant is expressed in hair cells along the entirety of the native channels (Roberts et al., 1990 ). This abnormality, papilla, but the 4 amino acid variant is excluded from which has been observed in other heterologously exthe extreme base. The data indicate that at least some pressed Slo channels, may result from the absence of splice variants are restricted to discrete regions of the ␤ subunits (McManus et al., 1995) . The second reservabasilar papilla. These results furthermore suggest that tion is that cB1 and cB2 channels might not represent a distinct spatial pattern of alternative splicing of cSlo naturally occuring isoforms. Because the two expresmRNA helps determine the tonotopic map of the cosion constructs were assembled from three cDNA fragchlea.
ments, each of which included at least one splice site There was an intriguing discrepancy between the exwith a particular variant, the products might have compression pattern of the SRKR variant at site 3 in the bined exons that do not naturally occur together and embryonic cochlea and that of the chick. In the former, might thereby have produced channels with aberrant the variant was found only in hair cells localized to the physiological properties. Finally, the heterologous exmiddle third of the basilar papilla. In the chick's cochlea, pression of a pure population of channel subunits exhowever, the 4 amino acid insert was distributed along cludes the possible formation of heteromultimers (Wu most of the papilla and was excluded only from the and Fettiplace, 1996), whose properties may influence extreme base of the organ. This developmental change channel kinetics. in the expression pattern of cSlo variants may reflect the It has been speculated that the admixture of a few shift in response frequency during cochlear ontogeny K Ca channel subunits into heterotetramers with physio- (Rubel, 1984; Rubel et al., 1984; reviewed in Manley, logical properties intermediate between those of the 1996). Alternatively, the change may represent the achomotetramers accounts for variable frequency tuning quisition of K Ca currents at a time during embryogenesis in the turtle's basilar papilla (Wu and Fettiplace, 1996) . when auditory function matures rapidly (Fuchs and So- Heteromultimer assembly may provide an additional kolowski, 1990). mechanism of variability in the chicken's papilla as well. Indeed, our single-cell RT-PCR analysis shows that an Extensive Alternative Splicing of cSlo mRNA individual hair cell can express more than one type of and Hair-Cell Diversity subunit. Because the frequency range of the chicken If all of the potential alternative splice sites of Slo chanexceeds that of the turtle, a greater number of distinct nels occur in the chicken, and if alternative exons occur subunits may be necessary to establish the latter's tonoat each site, then the possible number of distinct K Ca topic map. Considering then the wealth of splice varichannels greatly exceeds the 576 implied by our study.
ants, the potential for heterotetramer formation, and the This degree of diversity exceeds that reported for other possibility of differential modulation by ␤ subunits, the alternatively spliced channels. Such an immense varifull spectrum of possible channel properties, and thus ability is not surprising, however, in light of the wideof hair-cell phenotypes, is vast. spread distribution and functional heterogeneity of KCa
The range of K Ca channel expression in the chicken's channels (reviewed in Latorre et al., 1989 ; Hinrichsen, cochlea is but one manifestation of the remarkable diversity of hair cells in this organ. Along the basilar papilla, 1993). Murrow, 1994; reviewed in Fuchs, 1992 reviewed in Fuchs, , 1996 . In initiated as described above, followed by 30-35 cycles of 94ЊC for conjunction with the gradations in cell body and hair 1 min, 52-57ЊC for 1 min, and 72ЊC for 1 min, with a final extension bundle morphology along and across the basilar papilla at 72ЊC for 5 min. cDNA was synthesized with the total RNA isolated (Figure 1 ) (Tilney et al., 1992) , these systematic variations from one to ten basilar papillae; a tenth of the cDNA generated from in the complement of ion channels imply that the chicka single papilla served as the template for each PCR.
To characterize the variants expressed at sites 1 and 7, we emen's cochlea contains 10,000 hair cells with 10,000 difployed the RACE technique (Marathon, Clontech) to amplify the 5Ј ferent phenotypes! By revealing the wealth of cSlo variand 3Ј termini of cSlo mRNAs from the total RNA of ten basilar ants, the present study sets the stage for a systematic papillae. Designed to anneal within a few hundred base pairs of molecular analysis of the complex expression pattern sites 1 and 7, the forward and reverse primers were: site 1 reverse, of ion channels in the cochlea.
GGCCTCCTTGTTTTTGACC and site 7 forward, TCCATCCCATCAA CAGCAAA. The PCR entailed 30-35 cycles of 94ЊC for 1 min, 58ЊC for 1 min, and 72ЊC for 1 min, with a final extension at 72ЊC for 5 Experimental Procedures min. The products were purified, subcloned, and sequenced. Sites 1 and 7 were additionally screened by PCR analysis of the All of the experiments in the present paper were performed on chicken cochlear library. To amplify the 5Ј and 3Ј ends of the library chickens (Gallus gallus) of the White Leghorn strain. Animals were clones, the forward and reverse primers described above were investigated at two stages: embryos in their seventeenth through paired with HybriZAP (Stratagene) vector primers that flanked the nineteenth days of incubation (E16-E18) and chicks 1-2 weeks cDNA inserts. The library clones were amplified under the PCR of age.
conditions described above.
To analyze the alternative exons expressed at each site, we reIsolation of cSlo cDNAs solved the PCR products on 2% agarose gels (Metaphor, FMC BioUsing the Pileup program (Genetics Computer Group, Madison, WI) Products, Rockland, ME); products visualized by ethidium bromide on the homologous sequences dSlo (Atkinson et al., 1991) , mSlo staining were verified by subcloning and sequencing. (Butler et al., 1993) , and hSlo (Tseng-Crank et al., 1994), we designed Southern blots were analyzed by hybridization at 50ЊC with an six degenerate primers (all sequences are given in a 5Ј-to-3Ј orientaend labeled oligonucleotide probe, GGCATTTTTTTACTGCAAGGCC, tion): S1 forward, GTNCAYGARCCYAARATG; pore forward, ACNGT designed to recognize a conserved region just upstream of splice NGGNTAYGGNGAYGT; S8 forward, ATGATHGCNATHGARTAYAA; site 3. The blots were hybridized for 3 hr and washed for 10 min in S7 reverse, YTGIGCDATRAANCCNAR; S7-S8 reverse, YTCNG 4ϫ SSC and 0.1% (v/v) sodium dodecyl sulfate (SDS) at 37ЊC and TRTACATYTCRTT; and S10 reverse, ATRCANTADTGNTTRGG.
for 20 min in 2ϫ SSC and 0.1% (v/v) SDS at 37ЊC; 1ϫ SSC contains These were used in PCRs with poly(dT) 18-primed cDNA reverse tran-150 mM NaCl and 15 mM sodium citrate (pH 7.0). The blots were scribed from 1 g of chicken brain polyadenylated mRNA. Hot start then analyzed on a phosphor scanner (Molecular Dynamics, SunPCRs were initiated by adding Taq polymerase (Promega, Madison, nyvale, CA). WI) at 94ЊC, followed by 40 cycles of 94ЊC for 1 min, 45ЊC for 1 min, and 72ЊC for 1 min, with a final extension for 5 min at 72ЊC.
The PCR products were gel purified, subcloned (pCRII, Invitrogen, Northern Analysis Total RNA was isolated from chicken brains, eyes, and cochleae by Carlsbad, CA), and sequenced. Clones that contained K Ca channel sequences were used as probes to screen a chicken brain cDNA acid-phenol extraction. Five micrograms of total RNA from each tissue was size fractionated on a 1% formaldehyde-agarose gel, library (5Ј-STRETCH, Clontech Laboratories, Inc., Palo Alto, CA) by plaque hybridization. The inserts of eight positive clones were transferred to a nylon membrane (Micron Separations, Inc., Westborough, MA), and immobilized by baking at 80ЊC for 2 hr. A 3.6 subcloned into the pBluescript II SK (ϩ) vector (Stratagene, La Jolla, CA) and fully sequenced on both DNA strands.
kbp DNA fragment containing the entire coding sequence of cSlo was used to probe membranes at 68ЊC (ExpressHyb, Clontech). The Using a 5Ј end, 1.5 kbp PCR product as probe, we additionally screened a cDNA library constructed in the HybriZAP vector (Strablots were washed in 2ϫ SSC and 0.05% (v/v) SDS three times for 10 min each at 50ЊC and in 0.1ϫ SSC and 0.1% (v/v) SDS twice for tagene) from the basilar papillae of late embryonic chickens. cDNA inserts were isolated by in vivo excision with helper bacteriophage 20 min each at 50ЊC, then exposed for 1 week to film (X-Omat, Kodak, New Haven, CT). (ExAssist, Stratagene) and sequenced in both directions.
Sequences were analyzed with the programs Sequencher (Gene Codes Corp., Ann Arbor, MI), AllAll (Computational Biochemistry
In Situ Hybridization Research Group, Institute for Scientific Computing, Zü rich, SwitzerTemporal bones were dissected from embryonic cochleae and fixed land), MacDNASIS (Hitachi Software, San Bruno, CA), GCG (Genetovernight at 4ЊC in 4% (w/v) paraformaldehyde and PBS (150 mM ics Computer Group), and Lasergene (DNAstar, Madison, WI).
NaCl, 3 mM KCl, 8 mM Na 2HPO4, and 2 mM KH2PO4 [pH 7.4]). The specimens were washed in PBS, cryoprotected with 30% (w/v) sucrose in PBS, and embedded (Tissuetek, Miles Inc., Elkhart, IN).
Detection of cSlo Splice Variants by RT-PCR Analysis
Cochleae were dissected from chicks and placed in low divalent Digoxigenin-labeled antisense RNA probes were transcribed (DIG RNA-labeling kit, Boehringer Mannheim) from a cSlo fragment comcation medium (Zidanic and Fuchs, 1995) . The tegmentum vasculosum was isolated, the basilar papilla was scraped from the underlyprising nucleotides 2148-2973 (Figure 2 ). In situ hybridization was conducted (Strä hle et al., 1994) on 14 m cryosections with 100 ing basilar membrane with a tungsten needle, and both samples were frozen in liquid nitrogen. Total RNA was isolated from papillae l of diluted probe (1:100) in hybridization buffer. After incubation overnight at 65ЊC in a chamber humidified with 50% (v/v) formamide and tegmenta by acid-phenol extraction (Chomczynski and Sacchi, 1987) . The RNA from the equivalent of a single papilla or tegmentum and 1ϫ SSC, sections were washed twice for 15 min each at 65ЊC in 50% (v/v) formamide and 2ϫ SSC. The slides were next washed was used to synthesize cDNA with reverse transcriptase (Superscript II, Life Technologies, Grand Island, NY) and poly(dT) 18 primers.
twice for 30 min each at 65ЊC in 25% (v/v) formamide, 1ϫ SSC, and half-strength PBS and transferred to PBS for 5 min at room Total RNA isolated from the chicken's brain was used for comparison and as a control for the PCRs.
temperature.
For antibody detection, sections were blocked for 1 hr in PBS, To amplify alternative exons, we used the following PCR primers: 0.3% (w/v) BSA, 0.5% (w/v) Blocking Reagent (Boehringer Mannwere then washed twice for 10 min each at 37ЊC in 2ϫ SSC, twice for 10 min each at 37ЊC in 1ϫ SSC, twice for 5 min each at 37ЊC in heim, Indianapolis, IN), and 0.1% (v/v) polyoxyethylene-20-sorbitan monolaurate (Tween 20, Fisher Scientific, Fair Lawn, NJ) . Sections 0.2ϫ SSC, and finally once at room temperature for 10 min in 200 mM NaCl, 3 mM KCl, and 50 mM Tris-HCl (pH 7.5). were incubated for 2 hr at room temperature with anti-digoxigenin Fab-alkaline phosphatase conjugate (Boehringer Mannheim) at a For detection of the digoxigenin-labeled probes, the sections were blocked for 20 min in 2% (w/v) Blocking Reagent (Boehringer dilution of 1:1500 in the solution above. Unbound Fab fragments were removed by washing four times for 20 min each in PBS with Mannheim), 3% (w/v) bovine serum albumin, 100 mM NaCl, 2 mM MgCl2, and 100 mM Tris-HCl (pH 7.5). The sections were subse-1% (v/v) Tween 20 and twice for 20 min each in PBS. For detection, the sections were preincubated for 20 min in 100 mM NaCl, 50 mM quently incubated for 2 hr at room temperature with anti-digoxigenin Fab-alkaline phosphatase conjugate at a dilution of 1:1500 in the MgCl 2, and 100 mM Tris-HCl (pH 9.5), then incubated for 48 hr in this solution with 0.34 mg/ml nitroblue tetrazolium salt and 0.175 mg/ blocking solution above. Unbound fragments were removed by washing four times for 20 min each in 0.025% (v/v) Tween 20, 100 ml 5-bromo-4-chloro-3-indolyl-phosphate (5 Prime→3 Prime, Inc.). The color reaction was stopped with 2 mM EDTA in PBS and the mM NaCl, 2 mM MgCl 2, and 100 mM Tris-HCl (pH 7.5), and twice for 30 min each in this solution without the detergent. Alkaline phosslides were mounted in 50% (v/v) glycerol in PBS. Photographs were taken on slide film (Ektachrome 160T, Kodak) with an Axiovert phatase development was undertaken as described for the in situ hybridizations. 135 microscope and MC80 camera (Carl Zeiss, Jena, Germany) .
For the detection of cSlo mRNA in the embryonic retina and cochlea ( Figures 4B and 4C) , the same procedure was used except In Situ RT-PCR Analysis of Cochlear Frozen Sections that the RT-PCR primers were synthesized with digoxigenin labels at In the in situ PCR procedure, three labeling techniques were used their 5Ј ends for direct incorporation into the amplification products. to detect cSlo products in embryonic and hatchling cochleae. First, Hybridization with an internal oligonucleotide probe was accordingly to detect cSlo mRNA in the embryonic cochlea and retina, 5Ј endomitted. After amplification, excess primer was removed by washing labeled primers were directly incorporated during amplification. In the sections twice for 20 min each at 47ЊC in 0.1ϫ SSC. For detection the second technique, the SRKR variant was labeled in the embryof the SRKR variant in the embryonic cochlea ( Figure 5 ), we used onic cochlea by incorporation of digoxigenin-labeled nucleotides this procedure except that the thermostable polymerase rTth was into the PCR products. Finally, the PCR products produced in the employed in the RT and PCR steps (EZ Kit, Perkin Elmer). Digoxichick's cochlea were detected by hybridization with digoxigeningenin-labeled dUTP (Boehringer Mannheim) was directly incorpoconjugated probes. rated into the PCR products. Temporal bones were removed from chicks and fixed for [18] [19] [20] [21] [22] [23] [24] We found that the indirect detection method was most useful for hr at 4ЊC in 4% (w/v) paraformaldehyde, 77 mM Na 2HPO4, and 23 estimating the relative expressions of exon variants. The two direct mM NaH 2PO4 (pH 7.4). The specimens were then dehydrated and methods were more sensitive, however, and the labeled PCR primdemineralized over a period of 1 week in several changes of 50 mM ers consistently yielded the lowest background levels. EDTA and 30% (w/v) sucrose in PBS. After embedment, 8-10 mm To avoid variability in labeling patterns due to differences in treatfrozen sections were cut and applied to pretreated microscope ment at any stage, apical and basal cochlear sections were attached slides (Superfrost ϩ, MJ Research, Watertown, MA). To stabilize to the same slides, received identical treatment before amplification, sections on the slides, they were heat treated at 105ЊC for 30 s and underwent the amplification steps under a common coverslip. (Bagasra and Hansen, 1997), then postfixed for 2 hr at room temperature with 2% (w/v) paraformaldehyde in PBS. To facilitate the perSingle-Cell RT-PCR Analysis of Isolated Hair Cells meation of reagents, the sections were digested for 5 min at room A chick's papilla was cut into five equal segments along its length temperature with 0.5 g/ml proteinase K in 5 mM EDTA and 100 with a fine tungsten needle. Each segment was digested for 15-20 mM Tris-HCl (pH 7.5). Nuclear DNA was degraded by incubating min with 0.1 mg/ml papain (Worthington Biochemical Corp., Freethe sections overnight with 1000 unit/ml deoxyribonuclease I (Boehhold, NJ) in 2.5 mM cysteine hydrochloride, 1 mM EGTA, 1 mM ringer Mannheim) in 50 mM KCl, 2 mM MgCl 2, and 20 mM Tris-HCl MgCl 2, and PBS. The segments were then washed several times (pH 8.4). The sections were washed in 2 mM EDTA and 20 mM Triswith PBS to remove protease. Single cells were dissociated by trituHCl (pH 7.5) to remove the deoxyribonuclease then dehydrated ration of the epithelium with a microelectrode pulled to a tip diameter through a graded ethanol series and air dried.
of 100-200 m. An additional micropipette with a tip diameter of The RT and PCR steps were conducted under a single coverslip 10-30 m was utilized to pick up each isolated cell to be studied. with the SuperScript II One-Step RT-PCR system (Life Technolo-
The movement of a cell into the micropipette was controlled by gies). The reaction solution included 1 M of forward and reverse negative pressure; the capture of an individual cell was clearly visible primers, 2 l of Superscript II RT/Taq mixture, and 2.5 mM MgSO 4.
under an inverted microscope. The contents of each micropipette The variant-specific primers used for the amplification of the inwere dispensed into a 0.65 ml tube by breaking the tip inside the sertless and SRKR inserts were: insertless forward, CACCAGGCCTT tube and centrifugation. The RT and PCR steps were carried out in TCAACAATG; insertless reverse, TGATCAATATACTGCTTTCTCTTT; the same tube with thermostable rTth reverse transcriptase (RNA SRKR forward, ATGATAGCCATAGAATACAAGTCGG; and SRKR re-PCR Kit, Perkin Elmer). To amplify the alternative exons expressed verse, CCACACTTTTTTATCCTTTTGGG. For thermal cycling of the at site 3 in single cells, we used the primers and thermal cycler microscope slides, we employed the PTC-200 DNA Engine fitted conditions described for the RT-PCR characterization of site 3. with the Twin Tower Block (MJ Research). Reverse transcription Southern blots of the PCR products were analyzed as described. was initiated by heating slides to 50ЊC before application of the reaction mixture. After an initial incubation at 50ЊC for 30 min to effect reverse transcription, 30 cycles were performed at 92ЊC for
Heterologous Expression and Electrophysiology
To express cSlo channels, we initially assembled an expression 20 s, 55ЊC for 15 s, and 72ЊC for 45 s, with a final extension of 5 min at 72ЊC.
construct comprising the open reading frame shown in Figure 2 , together with 5Ј and 3Ј untranslated regions of approximately 400 After amplification, coverslips were removed by soaking slides for 5 min in 2ϫ SSC at room temperature. The slides were then bp and 40 bp, respectively. After transfection in the vector pBKCMV (Stratagene), the construct produced only small and erratic currents washed twice for 5 min each at room temperature in 2ϫ SSC and dehydrated in a graded ethanol series. PCR products were labeled when expressed in HEK 293 cells. We subsequently deleted approximately 360 bp of the 5Ј untranslated region and subcloned the by hybridization at 37ЊC with 500 ng/ml digoxigenin-labeled oligoprobe (GGCATTTTTTTACTGCAAGGCC for the insertless variant or product in the pGW1H vector (British Biotech, Oxford, UK), which contains 1805 bp of the human cytomegalovirus promoter se-AATATACGCTTTCGGCTTCTGCT for the SRKR variant) in 100 l of a hybridization solution comprising 2ϫ SSC, 50% (v/v) formamide, quence. The resultant construct was termed pGW1H-cB1. A second expression construct, pGW1H-cB2, was created by removal of the 10 mg/ml sheared herring sperm DNA, 1% (v/v) SDS, and 10ϫ Denhardt's solution (5 Prime→3 Prime). After incubation for 18 hr at 12 bp encoding the SRKR insert at site 3. We used liposome-mediated transfection (LipofectAMINE, Life 37ЊC under coverslips, the sections were washed once for 10 min at room temperature in 2ϫ SSC to remove the coverslips. Atkinson, N.S., Robertson, G.A., and Ganetzky, B. (1991) . A compowas confirmed with a Ca 2ϩ -sensitive electrode (Orion Research Inc., nent of calcium-activated potassium channels encoded by the DroBoston, MA). Dithiothreitol was added to the bath solution at a sophila slo locus. Science 253, 551-555. concentration of 1 mM to prevent channel deterioration due to oxiBabila, T., Moscucci, A., Wang, H., Weaver, F.E., and Koren, G. dation (DiChiara and Reinhart, 1997; Wang et al., 1997 ). An agar (1994) . Assembly of mammalian voltage-gated potassium channels: bridge was used to protect the silver-silver chloride ground wire evidence for an important role of the first transmembrane segment. from reacting with dithiothreitol.
Neuron 12, 615-626. Currents were recorded with an EPC-7 amplifier (List-Electronic, Bagasra, O., and Hansen, J. (1997) . In situ PCR: DNA and RNA Darmstadt, Germany), low pass filtered at 4 kHz with an 8-pole targets. In In Situ PCR Techniques (New York: John Wiley and Sons, Bessel filter, and stored on tapes (VR-10B digital data recorder, Inc.), pp. 37-60. Instrutech Instruments, Great Neck, NY; SLV420, Sony, Tokyo, Japan). Current responses to voltage pulses were additionally digitized Butler, A., Tsunoda, S., McCobb, D.P., Wei, A., and Salkoff, L. (1993) . at 20 kHz, averaged, and recorded with an analog-to-digital conmSlo, a complex mouse gene encoding "Maxi" calcium-activated verter linked by a direct memory access unit to a computer (Quadra potassium channels. Science 261, 221-224. 800, Apple Computer, Cupertino, CA) running LabView software Chen, L., Salvi, R., and Shero, M. (1994) . Cochlear frequency-place (version 3.1, National Instruments, Inc., Austin, TX). map in adult chickens: intracellular biocytin labeling. Hear. Res. 81, Because of the large current traversing the electrode in some 130-136. experiments, the voltage drop due to the electrode's resistance Chomczynski, P., and Sacchi, N. (1987 
